We observe surface and subsurface fluorescence-derived chlorophyll maxima in southern Drake Passage during austral summer. Backscatter measurements indicate that the deep chlorophyll maxima (DCMs) are also deep biomass maxima, and euphotic depth estimates show that they lie below the euphotic layer. Subsurface, offshore and near-surface, onshore features lie along the same isopycnal, suggesting advective generation of DCMs. Temperature measurements indicate a warming of surface waters throughout austral summer, capping the winter water (WW) layer and increasing off-shelf stratification in this isopycnal layer. The outcrop position of the WW isopycnal layer shifts onshore, into a surface phytoplankton bloom. A lateral potential vorticity (PV) gradient develops, such that a down-gradient PV flux is consistent with offshore, along-isopycnal tracer transport. Model results are consistent with this mechanism. Subduction of chlorophyll and biomass along isopycnals represents a biological term not observed by surface satellite measurements which may contribute significantly to the strength of the biological pump in this region.
Introduction
The oceans account for approximately half of global photosynthesis [Field et al., 1998 ], yet productivity estimates are poorly constrained [Carr et al., 2006] . High-latitude regions ventilate the deep ocean and contribute to carbon sequestration on long time scales [Sarmiento and Toggweiler, 1984; Martin, 1990; Broecker et al., 1998 ]. High-nutrient low-chlorophyll (HNLC) conditions prevail over much of the Southern Ocean, where primary production is thought to be limited by the availability of iron and light [Martin, 1990; Boyd and Ellwood, 2010; Cassar et al., 2011] . The Southern Ocean is a source region for nonanthropogenic carbon dioxide due to inefficient photosynthesis [Gruber et al., 2009] . Locally, however, convergence of micronutrients can lead to large chlorophyll blooms Frants et al., 2013] .
Deep chlorophyll maxima (DCMs) are an important component of the biological pump, accounting in some cases for over half of depth-integrated primary production and export production [Hood et al., 1991; Weston et al., 2005; Omand et al., 2015] . DCMs are generally considered in a one-dimensional framework [Cullen, 2015] , where they have been attributed to photoacclimation processes [Cullen, 1982; Neori et al., 1984; Longhurst and Harrison, 1989] ; formation of thin phytoplankton layers driven by straining processes, vertical migration, and buoyancy control [Ralston et al., 2007; Richardson and Cullen, 1995; Stacey et al., 2007] ; and subsurface production maxima caused by colimitation of photosynthesis by light and nutrients Holm-Hansen and Mitchell, 1991] . Holm-Hansen and Hewes [2004] studied these features in the Western Antarctic Peninsula (WAP) region in southern Drake Passage and found evidence of a persistent DCM. They suggested that the bloom was sustained by in situ biological growth and linked biological production to an observed increase in oxygen concentration at the depth of the DCM.
In contrast, other studies have pointed to allochthonous origins of DCMs through subduction of water masses. Hood et al. [1991] , Kadko et al. [1991] , used ship-based observations to show subduction of biomass along isopycnals in narrow filaments off the coast of California. The subducted features were high in chlorophyll concentration but located beneath the euphotic layer [Hood et al., 1991; Washburn et al., 1991] . Particle size distributions [Hood et al., 1991] and radium isotope measurements both indicated that the subducted features had been produced over a time period of hours to days.
Recently, Omand et al. [2015] found strong evidence of eddy-driven subduction of particulate organic carbon along isopycnals in the North Atlantic and estimated that this process may account for half of the total biological export in the Southern Ocean. Model results from this study highlighted the importance of submesoscale (1-10 km) dynamics in these subduction events.
Along-isopycnal subduction can be broken into submesoscale ageostrophic and mesoscale geostrophic components. Fronts at the submesoscale induce an ageostrophic circulation with associated vertical velocities of tens of meters per day [Lapeyre et al., 2006; Mahadevan and Tandon, 2006; Levy et al., 2012; Rosso et al., 2014] . At larger scales, mesoscale eddies mix properties along isopycnals. Eddies are generated in frontal systems and are ubiquitous in the Drake Passage region [Frenger et al., 2015] .
Here we use ocean glider observations to show the development of a DCM in southern Drake Passage. We provide evidence that this development is affected by physical processes and propose a mechanism by which eddy mass fluxes associated with a potential vorticity (PV) gradient subduct surface waters with high chlorophyll and/or high micronutrient concentrations. Our data and methods are given in section 2. Results are summarized in section 3, and a discussion and conclusions are in sections 4 and 5.
Data and Methods

Deployment Site
Drake Passage is a choke point in the Southern Ocean, where the Antarctic Circumpolar Current (ACC) funnels through a gap of only 800 km, leading to high-velocity shear, strong frontal systems, and a vigorous eddy field. The continental slope generates persistent, topographically steered fronts along the southern boundary, similar to other areas of the Southern Ocean such as the Kerguelen and Campbell Plateaus [Zhou et al., 2010; Sokolov and Rintoul, 2009; Thompson et al., 2010; Rosso et al., 2015; Frenger et al., 2015] .
Our study area is in southern Drake Passage, upstream of the Shackleton Fracture Zone (SFZ; Figure 1a ). This region contains the Southern Boundary of the ACC (SBACC) and the Southern ACC Front [Orsi et al., 1995; Sokolov and Rintoul, 2009] , which are strongly steered by topography [Zhou et al., 2010] , being channeled through the Shackleton Gap and northward around the SFZ, respectively. A surface bloom in this area occurs in austral summer and is associated with the shelf break [Holm-Hansen et al., 2005] . This area is one of the major HNLC regions, where growth is thought to be colimited by light and iron Dulaiova et al., 2009] , and is upstream from the highly productive Scotia Sea. Waters sourced from the shelf or nearby Bransfield Strait may supply crucial micronutrients to the region .
Seaglider Data
We use 3 months of high-resolution data from an autonomous, buoyancy-driven Seaglider during austral summer (December 2014 to March 2015 as part of the ChinStrAP (Changes in Stratification at the Antarctic Peninsula) project. The glider followed a sawtooth pattern to 1000 m depth, with average spacing between dives of 3-5 km. Measurements were taken of temperature (T), salinity (S), and pressure (p) with a Sea-Bird CTD Sail, oxygen (O 2 ) with an Aanderaa optode, and fluorescence (F), backscatter (b bp ) at 650 nm, and CDOM (colored dissolved organic matter) with a WETLabs ECOPuck Triplet.
Fluorescence is a widely used proxy for chlorophyll a (Chl) and, often, for phytoplankton biomass. The scale factor relating fluorescence and chlorophyll concentration (F:Chl) was determined in a factory calibration with a Thalassiosira weissflogii diatom monoculture. This scale factor is highly dependent on a range of factors, including community composition and structure [Cullen, 1982; Boss et al., 2008] and nutrient and light stress [Slovacek and Hannan, 1977; Neori et al., 1984] , which can vary over small spatial and temporal scales [Cullen, 1982; Boss et al., 2008] . We compared nighttime surface fluorescence-derived chlorophyll measurements to remotely sensed chlorophyll concentrations from Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua and found good agreement with the factory calibration (supporting information Figure S1 ).
During daytime, the ratio F:Chl decreases at the surface due to an array of photoadaptative processes collectively known as nonphotochemical quenching (NPQ) [Cullen and Lewis, 1995] . A common NPQ correction relies on a constant ratio between backscatter and fluorescence measurements below the surface in the mixed layer [Boss et al., 2008; Boss and Haëntjens, 2016] . This method was used to generate our "NPQ-corrected chlorophyll" results. More information on the processing, calibration, and NPQ correction methods are given in Supporting Information S1. We note that in situ calibration steps during the bloom were not available due to the autonomous nature of our sampling and emphasize that our results are primarily dependent on the relative spatial and temporal distribution of the Chl or biomass concentrations as opposed to their absolute values.
Mixed Layer Depth Calculations
We calculate the mixed layer depth (MLD) as the depth at which the potential density differs by a threshold value of 0.03 kg/m 3 from the potential density at 10 m depth [Dong et al., 2008] .
Euphotic Depth Calculation
We adapt the method given in Arrigo et al. [2008] to estimate the propagation of photosynthetically available radiation (PAR; 400-700 nm) through the water column. Our approach differs from that of Arrigo et al. [2008] in that we use depth-resolved glider chlorophyll concentrations, ozone measurements from NASA OMI (Ozone Monitoring Instrument), sea level pressure and wind data from the Antarctic Mesoscale Prediction System (AMPS), and choose a relatively clear visibility of 12 km. We use the NPQ-corrected chlorophyll results to estimate light propagation during daytime measurements.
The euphotic depth is often taken as the depth at which 1% of surface PAR is available [e.g., Ryther, 1956; Behrenfeld and Falkowski, 1997; Dunne et al., 2005] . Because phytoplankton respond to absolute rather than relative light levels, the 1% PAR threshold may not be the best measure of the euphotic depth [Banse, 2004] . Holm-Hansen and estimate the euphotic depth in this region at approximately the 0.1 mol quanta/m 2 /day isolume. We estimate this depth by correcting solar irradiance for cloud cover as in Arrigo et al. [2008] using daily averaged AMPS cloud fraction and calculating daily insolation from hourly estimates of PAR.
Satellite Measurements
We include in our analysis satellite observations of surface chlorophyll from the MODIS Aqua platform at 4 km resolution using the Johnson et al. [2013] algorithm. This method updates the reflectance ratio coefficients using only Southern Ocean measurements, showing substantially larger amounts of chlorophyll in the Southern Ocean than the standard global algorithms Kahru and Mitchell, 2010] . We temporally average the results by taking the mean value over all days with valid observations. Satellite imagery produces values representative of ocean conditions within about one optical depth of the surface, which for 550 nm light is approximately 20 m [Gordon and McCluney, 1975] but can be highly dependent on seawater constituents [Arrigo et al., 1998 ].
Southern Ocean Model
To test the advective hypothesis, a 1/12 ∘ simulation of the Southern Ocean was run using the MITgcm [Marshall et al., 1997] . The domain is 78 ∘ S to the equator, with lower resolution north of 30 ∘ S. Topography is prescribed using ETOPO1 [Amante and Eakins, 2009] . The model has 104 vertical levels with partial bottom cells. An atmospheric boundary layer scheme is employed where fluxes of heat, freshwater (salt), and momentum are determined by bulk formulae [Large and Yeager, 2004] . The atmospheric state is prescribed from the ERA-Interim reanalysis. Runoff is prescribed at the continental boundary. Initial conditions are derived from a 1/6 ∘ Southern Ocean state estimate [Mazloff et al., 2010] 
Results
We consider 14 glider transects that are roughly perpendicular to bathymetric contours ( Figure 1a and Table S1 ). We define glider dives as being south (onshore) or north (offshore) of the SBACC, which is well approximated by the 2000 m isobath. This isobath is also the approximate limit of the surface phytoplankton bloom, as shown by satellite measurements ( Figure S4 ). Temperature/salinity properties in our area show the presence of a strong frontal system associated with the SBACC (Figure 1b) .
Chlorophyll Distribution
The vertical distribution of fluorescence tracks the growth of both an on-shelf surface-intensified chlorophyll bloom and a DCM. Interpolated chlorophyll data for Transects 11 and 12 are shown in Figure 1c (all transects in Figure S5 ). The on-shelf bloom is coincident with the chlorophyll levels observed from satellite. This bloom reaches approximately 50 m depth and is bounded by the mixed layer.
The DCM develops soon after the surface bloom and is of a similar magnitude but centered beneath the mixed layer at 50-90 m depth. It lies along the same isopycnal as the surface bloom (black lines in Figure 1c ) and, importantly, is not found until after the surface bloom is expressed and the isopycnal layer outcrop location migrates onto the shelf ( Figure S5, Transect 5 ). An off-shelf bloom is not shown in satellite observations at any point throughout the glider deployment ( Figure S4 ). DCMs can result from an increase at depth of phytoplankters or from an increase in the chlorophyll:biomass ratio in phytoplankton at depth through photoacclimation. In Figure 1d we provide backscatter data (650 nm) from the same two transects (all transects in Figure S6 ). Backscatter provides a measure of the concentration of total particulate matter in the ocean and is well correlated with phytoplankton concentration in the open ocean [Boss et al., 2008] . In these example transects, the combination of high fluorescence measurements and high backscatter provides strong evidence that there exists a layer of elevated phytoplankton concentration below the mixed layer.
We also consider the relation of the DCM to the euphotic layer depth, shown as the solid (1% of surface PAR) and dashed (isolume method) black lines in Figure 1e (see section 2.4; all transects in Figure S7 ). Both definitions show that the DCM is located below the euphotic layer, although we note that the light attenuation coefficient is strongly dependent on water column chlorophyll concentration, meaning we cannot rule out the possibility that available light may allow net photosynthesis at the top of the DCM.
Subduction Through Thickness Fluxes
In Figure 1 we highlight the isopycnal layer between 1027.2 and 1027.35 kg/m 3 , which at depth is associated with the winter water (WW) layer. In spring and early summer, WW extends to the surface and stratification (lateral and vertical) is weak. Low biomass is observed throughout the region, presumably caused by light limitation (Figure 2a) . The outcrop area of the WW isopycnal is large in extent and reaches off the shelf into the open ocean. As summer progresses, increasing insolation fuels an on-shelf phytoplankton bloom (Figure 2b ) and warms the upper ∼50 m of the water column, capping the existing WW layer (Figures 2c and 2d and all transects in Figure S9 ). The WW isopycnal layer deepens and thins, increasing the vertical stratification in the upper 50-70 m. The meridional extent of the WW isopycnal outcrop decreases and moves poleward onto the shelf.
A widely used ocean tracer is potential vorticity (PV), which is conserved in the ocean interior where diabatic processes are weak. In the presence of a mesoscale or submesoscale eddy field, eddy fluxes tend to reduce the PV gradient, homogenizing PV along isopycnal layers [Marshall et al., 1993] . We approximate PV as
where f is the planetary vorticity, N 2 = z b is the vertical stratification, M 2 = ∇ h b ≈ y b is the horizontal stratification, ∇ h is the horizontal gradient operator, and we consider only the along-track cross-frontal component (y axis) [Thompson et al., 2016] . The vertical stratification term (N 2 ) dominates the PV equation in most cases, although at frontal regions the horizontal stratification (M 2 ) becomes important. Figure S10 ). An along-isopycnal gradient in PV develops in late summer just north of the SBACC. The reduction of the PV gradient is associated with an eddy thickness flux that produces an eddy velocity (defined below) transporting tracers offshore [Marshall and Radko, 2003 ]. In the case of a surface bloom, eddies will subduct high-biomass water to depth along the WW isopycnal layer (Figure 3 ).
PV (equation (1)) is shown for two transects in Figures 2e and 2f (all transects in
Discussion
Scaling Arguments
We propose that eddies in our study region will produce an offshore mass transport, consistent with a down-gradient PV flux. This mechanism can be considered in two stages: vertical velocity w associated with submesoscale ageostrophic circulations in frontal regions, and along-isopycnal mixing through mesoscale motions.
We estimate w using the mixed layer restratification stream function from Fox-Kemper et al. [2008] ,
where C e is an empirically derived scaling constant, H is the mixed layer depth, and (z) is a dimensionless constant such that 0 ≤ (z) ≤ 1. Scaling arguments give
which agrees well with typical submesoscale-induced vertical velocities of (10 m/day) [e.g., Levy et al., 2012] and gives a subduction time scale of approximately 2 days.
To estimate a time scale for mesoscale, along-isopycnal advection, we use a high-resolution (1/12 ∘ , approximately 4.5 km at this latitude) Southern Ocean model (section 2.6) to calculate the thickness-weighted velocities in the WW isopycnal layer [Marshall and Radko, 2003] . We directly calculate the residual velocities
where u = (u, v) and primes are deviations in temporal averages (overbars), associated with a given isopycnal layer of thickness h. The total and eddy residual velocities perpendicular to the continental shelf for the isopycnal layer 1026.9-1027.1 kg/m 3 during the summer of 2008-2009 are shown in Figure 4 . We choose this isopycnal layer because its outcrop location approximately matches that of the WW layer in our data; however, our results are not dependent on the exact isopycnal layer or the model year used.
The residual velocities are dominated by the mean term and show a meandering front that largely follows contours of constant f ∕H (where H is full ocean depth; Figure 4a ). Large off-shelf velocities near the shelf break at 63 ∘ W are due to conservation of PV downstream of a bathymetric ridge. The total velocity also includes a large along-slope term (not shown). The eddy component, while smaller, consistently transports water off-shelf throughout this density layer (Figure 4b ).
Using a characteristic eddy velocity of 0.05 m/s, we estimate that eddy-driven transport across the front could transport high-chlorophyll waters approximately 100 km offshore (Figure 1c ) in about 20 days. The mean velocity transport mechanism includes a large along-slope component. Using a characteristic mean velocity of 0.2 m/s and a length of 150 km gives an estimate of mean flow transport across the front of 8 days. We expect both mean and eddy components to contribute to the offshore DCM, emphasizing the three-dimensionality of the system.
T-S Properties
Although the DCM lies in the same isopycnal layer as the surface bloom, the T-S properties are distinct. The strong frontal system in this area separates water masses, but infilling of properties is also observed, indicating the presence of small-scale, irreversible mixing ( Figure 1b) . Recently, Klymak et al. [2016] observed submesoscale-induced mixing across the Gulf Stream, where "streamers" of water masses with drawn-out T-S properties are subducted along isopycnals. Klymak et al. [2016] used Lagrangian drifters to track streamers as they detrained from the Gulf Stream. Here, we use daily snapshots of salinity data along an isopycnal surface from the Southern Ocean model to suggest that streamers are also present in this region, as a strong frontal feature associated with the SBACC is present along with strong eddy activity across this front (Movie S1).
Biological Considerations
DCMs in this area have generally been attributed to biological production. Holm-Hansen and Hewes [2004] conclude that they are the result of positive net community production, in part due to increased oxygen concentration in DCM locations. We note that oxygen saturation is the appropriate variable due to temperature effects on solubility, and do not observe a maximum in this quantity at the depth of the DCM ( Figure S11 ). However, the oxygen released through net community production of the scale of this DCM is small compared to the spread in oxygen measurements, and ventilation of near-surface waters through wind-driven mixing means that a large accumulation of oxygen at this depth is unlikely. Oxygen data therefore provide neither evidence for nor evidence against our hypothesis.
The DCM lies mainly below the euphotic depth and is coincident with a maxima in backscatter, suggesting that it is not simply a result of photoacclimation. The thickness of the DCM layer is greater than the typical thickness of thin phytoplankton layers (<5 m [Deksheneiks et al., 2001] ) and located below the pycnocline, making it unlikely that it formed through biological settling in the water column. Another option is that biomass accumulates in the WW isopycnal layer as that layer is thinned by increased insolation and capped by warmer water through buoyancy equilibration or preferential photosynthesis in potentially iron-replete WW. An off-shelf surface bloom exists far upstream from our study region in early austral spring ( Figure S4) ; however, this bloom does not persist into late December, when surface warming caps WW. While we do not entirely discount biological production in the DCM, the reasons above support the conclusion that an off-shelf flux of high-chlorophyll surface waters contributes significantly to the presence of the DCM in this area.
An important prediction of our hypothesis is that the ecosystem composition in the off-shelf DCM should resemble that of the on-shelf bloom, although we do not expect chlorophyll to act purely as a passive tracer and some community evolution should be anticipated [Hood et al., 1991] . Mendes et al. [2012] conducted a chemotaxonomic HPLC (high-performance liquid chromatography) analysis on stations within our study area in February/March 2008. They note a sharp gradient in surface ecosystem composition between on-shelf and off-shelf waters. However, the ecosystem composition at depth off-shelf (60-100 m, within our DCM layer) much more closely resembles the surface community on-shelf, especially with regard to its percentage of diatoms. Diatoms tend to dominate other species in high-iron conditions [Boyd et al., 2000] . While the high proportion of diatoms in the DCM can be attributed to high-iron concentrations from periodic intrusions of CDW water [Prézelin et al., 2000] , advection of either high-iron or high-diatom shelf waters into the area through the mechanism we propose is also consistent with these observations.
The F:b bp ratio is another important biological measurement. As mentioned above, this ratio is dependent on a wide variety of factors, one of which is ecosystem community. In Figure 1f we show this ratio for Transects 11 and 12 (all transects in Figure S8 ). The daily cycle in the upper ∼50 m is due to NPQ effects. Considering only the off-shelf area, this ratio increases with depth, as expected based on photoacclimation [Cullen, 1982; Neori et al., 1984] . However, the similarity in this ratio between on-shelf and off-shelf blooms is consistent with our advection hypothesis.
Strength of the Biological Pump
Subduction along isopycnals acts to export material below the mixed layer and out of the euphotic zone. Net subduction therefore contributes to a flux of chlorophyll out of the productive sunlight region and below the depth of surface observations, although storms may deepen the mixed layer sufficiently to partially negate this effect (this may be present in Transect 6; see Figure S5 ). This mechanism suggests a chemostat-like surface environment, where surface on-shelf net primary production is partially balanced by an off-shelf flux. Estimates and models of net primary productivity that do not take into account this subduction mechanism may underestimate the strength of the biological pump in this region.
Conclusion
We use high-resolution Seaglider data over a period of 3 months to document the seasonal development of a PV gradient along the WW isopycnal layer. We suggest that this gradient will tend to be relaxed through the actions of eddies formed on shelf or advected into the region by the ACC and will subduct high-chlorophyll waters offshore in the WW layer. We find evidence of chlorophyll subduction along isopycnals, which is not captured in satellite imagery (Figures 1a and S4 ) or in climate simulations due to its small scale. This mechanism potentially functions as a highly efficient biological pump in southern Drake Passage and may be present in topographically similar areas with large surface phytoplankton blooms such as the Kerguelen and Campbell Plateau regions. This study suggests that mesoscale and submesoscale dynamics can make an important contribution to the subduction of high-biomass water masses in the Southern Ocean, emphasizing the need for parameterization in numerical models, especially in strong frontal regions.
